A hydroxyapatite (HA)-titania (TiO 2 ) hybrid coating is developed to improve the biocompatibility of titanium (Ti) implants. The HA predeposited layer on Ti via electron beam (e-beam) evaporation is subsequently treated by micro-arc oxidation (MAO) to produce an HA-TiO 2 hybrid layer on Ti. The e-beam-deposited HA layer has a thickness of %1 mm and was highly dense prior to MAO. By means of MAO treatment, a rough and porous TiO 2 layer is formed beneath the HA layer with a simultaneous local dissolution of the HA layer. Due to the HA precoating, high concentrations of Ca and P are preserved on the coating surface. The osteoblast-like cells on the hybrid coating layer grow and spread favorably. The cell proliferation rate on the hybrid coatings is not much different from that on pure Ti or simple MAO-treated Ti. However, the alkaline phosphatase (ALP) activity of the cells is significantly higher ( p < 0.05) on the HA-TiO 2 hybrid coatings than on either the pure Ti or the simple MAO-treated specimen, suggesting that the cellular activity on the hybrid coatings is improved.
INTRODUCTION
T itanium-based metals (Ti and Ti alloys) are widely used as surgical implants in orthopedics and dentistry due to their high *Author to whom correspondence should be addressed. E-mail: kimhe@snu.ac.kr JOURNAL OF BIOMATERIALS APPLICATIONS Volume 20 -January 2006 mechanical properties and bio-affinity. In order to improve the osseointegration of the implants, the Ti surface has been modified by means of bioactive coatings [1] [2] [3] [4] [5] [6] , chemical etching, and sand blasting [7, 8] . Among the chemical modifications that have been attempted, coatings with hydroxyapatite (HA) and titania (TiO 2 ) have attracted particular attention over the last decade.
With regard to the HA coating, many in vivo studies have reported that HA-coated Ti had enhanced implant fixation properties [9] [10] [11] [12] [13] . Currently, the plasma spraying process is most commonly used to deposit the HA coating. However, certain difficulties, such as maintaining phase purity and mechanical strength in vivo, have been encountered in the plasma-sprayed coatings [14] . The recently developed thin film techniques, such as sol-gel coating, magnetron sputtering, and electron-beam (e-beam) deposition, offer certain benefits, such as high bonding strength and phase stability. The e-beam evaporation is considered to be an efficient method of forming a thin film with controlled properties. [6, 11, 12] .
Titanium oxide (TiO 2 ) has also gained much interest as a coating system on Ti. The biocompatibility of Ti is attributed to the existence of the thin TiO 2 layer (several nanometers), which is easily formed under moist conditions [15] [16] [17] . In order for the TiO 2 layer to be effective in the presence of body fluids, the TiO 2 layer should be thick enough to prevent corrosion of the Ti surface [18] . Therefore, several different methods of forming the TiO 2 layer on Ti have been attempted [17] [18] [19] [20] . Micro-arc oxidation (MAO) is one of the most attractive methods, since the resultant coating morphology is highly porous and the pore size and/or roughness of the coating layer can be controlled by adjusting the processing conditions [3] . Moreover, Ca and P can be incorporated into the TiO 2 layer by controlling the electrolyte. Using this process it was found that bone ingrowth and implant-bone osseointegration were improved in vivo, and the cellular activity was enhanced in vitro. These improvements were attributed to the increased morphological roughness of the TiO 2 layer and the incorporation of Ca and P during the MAO treatment. However, only limited amounts of Ca and P can be incorporated into the TiO 2 layers by the simple MAO treatment.
In this respect, we attempted to introduce the Ca and P sources into the MAO-treated Ti extrinsically. To accomplish this, an HA layer was produced by e-beam deposition and subsequently the HA precoated Ti was micro-arc oxidized. The phase and morphology of the combined coatings (HA-TiO 2 ) were characterized, and their biocompatibility was assessed by means of in vitro osteoblast-like cellular responses.
MATERIALS AND METHODS

Coating Process
As a coating substrate, commercially available pure titanium (grade 2, Ka-Hee Metal Co., Seoul, Korea) (10 Â 10 Â 2 mm 3 ) was prepared after polishing with SiC sandpaper (grit #1000), followed by ultrasonic cleaning in acetone, ethanol, and distilled water.
Prior to e-beam deposition, the Ti surface was subjected to Ar bombardment using an ion beam at 90 V-2 A for 30 min to clean the surface. As the target for the e-beam process, a composite consisting of 75 wt% HA-25 wt% CaO was prepared by sintering the mixture at 1200 C for 3 h. This composition was chosen to produce a phase-pure and stoichiometric (Ca/P % 1.67) HA coating [6, 11, 12] . The target was evaporated onto the Ti substrate using the e-beam source at a deposition rate of 0.1 nm/s. The final thickness of the coating was %800 nm. The as-deposited film was then heat-treated at 500 C for 2 h.
The HA pre-coated Ti was subsequently micro-arc oxidized. The electrolyte consisted of 0.15 mol calcium acetate monohydrate (Ca(CH 3 COO) 2 Á H 2 O, Sigma Aldrich) and 0.02 mol calcium glycerophosphate pentahydrate (CaC 3 H 7 O 6 P, Sigma Aldrich). The frequency and duty of the pulsed DC power were 660 Hz and 10%, respectively, and the voltage range was 190-230 V. The MAO process was carried out in a water-cooled bath made of stainless steel, and a titanium plate was used as the counter electrode. The specimens were subsequently rinsed and sonicated in distilled water for 2 min.
Characterization
The surface morphology was examined by means of field emission scanning electron microscopy (FE-SEM, JSM-6330F, JEOL, Tokyo, Japan). The phase of the film was analyzed by means of X-ray diffraction (M18XHF-SRA, Mac Science, Yokohama, Japan) using CuK radiation within a scan range of 2 ¼ 20-50 . The surface roughness was measured using a surface profiler (Tenco Instrument P-10, TENCO, USA). The chemical composition of the coating was analyzed using energy dispersive spectroscopy (EDS) in conjunction with the FE-SEM.
In vitro Cell Tests
The human osteosarcoma (HOS) cell line was used to assess the cell proliferation and alkaline phosphatase (ALP) activity [20] . In brief, HOS cells were plated onto each specimen and commercially pure Ti (cp Ti) as a control, at a density of 1 Â 10 4 cells/mL, and then cultured for predetermined periods of time. The cell growth morphology was observed using SEM, after fixing, dehydrating, and critical point drying of the cells. For the proliferation measurement, the cells cultured for 3 days were detached from the sample surface by a trypsinization process, and the live cells were individually counted using a hemocytometer. For the ALP assay, the cells cultured for 5 days were detached and centrifuged at 1300 rpm for 5 min to obtain cell pellets. The cell pellets were resuspended and disrupted by a process of repeated freezing and thawing. The cell lysates obtained were quantified using a protein assay kit (BioRad DC, Hercules, CA, USA) and assayed colorimetrically by their reaction with p-nitrophenyl phosphate using a spectrophotometer.
One-way analysis of variance (ANOVA) was used to compare the data between different groups, and statistical significance was considered at p < 0.05.
RESULTS
Coating Properties
The SEM morphology of the HA-TiO 2 hybrid coatings is shown in Figure 1 . The HA layer on Ti, formed by e-beam deposition, was dense and uniform prior to the MAO treatment ( Figure 1(A) ). When the HA-coated Ti was treated with MAO at 190 V, a rough region started to appear locally, due to the formation of TiO 2 , but most parts of the surface were still covered with the HA layer ( Figure 1(B) ). When the MAO treatment was conducted at 210 V, the rough oxide region expanded and formed a connected microporous network (arrowed, Figure 1 (C)). Just above the microporous region, a more large-scaled porous network was formed (which was observed to consist of calcium phosphates and will be discussed in the following section); however, in the other parts of the surface, the dense HA layer still remained. When the MAO treatment was conducted at 230 V, the whole coating surface became rough and porous (Figure 1(D) ).
The surface roughness (R a ) of the coating layers was measured by a confocal laser microscope and is presented in Figure 2 . When the Ti without the HA pre-coating was micro-arc oxidized, the surface roughness increased steadily with increasing MAO voltage. When the Ti specimen was MAO-treated at 230 V, the roughness became significantly higher compared to the pure Ti ( p < 0.05). The roughness change in the HA-coated Ti by the MAO treatment was similar to that observed in the pure Ti, suggesting that the HA pre-coating did not alter the roughness significantly.
The cross section morphology of the hybrid coating on Ti (the porous region in Figure 1(B) ), obtained with MAO at 190 V, is shown in Figure 3 (A). Two discrete coating layers were formed on the Ti substrate. The atomic composition of each layer was analyzed with EDS, as shown in Figure 3(B) . The outer layer (H) had much higher Ca and P concentrations than the inner layer (T), indicating that a TiO 2 layer was generated between the HA layer and the Ti substrate.
The phase of the HA-TiO 2 hybrid coatings was examined by XRD, as shown in Figure 4 . When the MAO treatment of the HA-precoated Ti was conducted at 190 V, the TiO 2 began to appear, however a considerable amount of the HA phase still remained. As the voltage increased to 210 and 230 V, the peaks of TiO 2 became stronger, while those for HA were weakened. When the MAO treatment was conducted at voltages above 230 V, only the TiO 2 peaks were observed (data not shown here).
The surface composition of the coatings was analyzed with EDS, as represented in Figure 5 increasing MAO voltage, the concentrations of Ca and P increased as a result of incorporation of Ca and P ions in the electrolyte [20] . On the other hand, when the HA-precoated Ti was MAO treated at 190 V, high concentrations of Ca and P were present in the coating layer. As the MAO voltage increased to 230 V, the concentrations of Ca and P in the coating layer decreased; however, they were still much higher than those in the TiO 2 layer that underwent the simple MAO treatment at the same voltage.
In vitro Biocompatibility Figure 6 shows the HOS cell morphology on the samples after culturing for 3 days. The cells on both the pure Ti ( Figure 6(A) ) and HA-TiO 2 -coated Ti (Figure 6(B) ) spread and grew well. When compared to the cells on Ti, those on the hybrid coating layer appeared to be more flattened. The cells on the other HA-TiO 2 coatings, obtained using different MAO voltages, grew similarly (not shown here). Figure 7 shows the cell proliferation level on the specimens after culturing for 3 days. The cell numbers on the TiO 2 or HA-TiO 2 coatings decreased slightly with increasing MAO voltage. However, no significant difference in the cell numbers was observed between the hybrid coating and either the pure Ti or the simple MAO-treated specimens. Figure 8 shows the ALP activity of the cells on the specimens after culturing for 5 days. Without the HA precoating, the ALP activity of the cells was not much influenced by the MAO treatments. However, when the Ti specimens precoated with HA were micro-arc oxidized between 190 and 230 V, the ALP level was significantly higher than that on the pure Ti or on the simple MAO-treated specimens ( p < 0.05).
DISCUSSION
The objective of this study is to improve the biocompatibility of Ti implants by utilizing a combined coating consisting of calcium phosphate (CaP) and a TiO 2 layer. The porous and rough morphology obtained by MAO treatment has proven to increase the mechanical interlocking of tissue and implant [21] . Moreover, the CaP layer is thought to enhance the initial cellular responses, due to its high osteoconductivity and bioactivity [22, 23] . Therefore, the authors intended to make use of the morphological benefits of the micro-arc oxidized surface and the biochemical effect of Ca and P. To accomplish this, the Ti was precoated with HA by e-beam deposition and then the coated surface was subsequently treated by MAO at various voltages.
In the MAO process, the preexisting HA layer is considered to play the role of an insulating material. Accordingly, the thickness of the HA layer should be suitable not only to contain enough amount of CaP source enhancing the biocompatibility but also to permit the MAO through the layer. In this study, the thickness of the HA layer (800 nm) was considered to satisfy both the requisites. At low MAO voltages, the HA layer was sustained, but when the voltage is increased to 190 V, a dielectric breakdown of the HA layer began to occur locally and TiO 2 was formed as a result of the MAO. As the voltage was further increased, the TiO 2 layer started to form a porous network. Apparently, the formation of TiO 2 through the local breakdown of HA resulted in a dissolution of the HA layer. However, although the HA dissolved considerably when the MAO was conducted at 230 V, a large amount of Ca and P still remained in the coating layer, as observed in the EDS results shown in Figure 5 . This higher CaP amount in the combined coating layer resulted from not only the incorporation of Ca and P preexisting in electrolytes or being dissolved from the HA layer during MAO but also the remaining CaP layer. At least from the XRD result, where no CaP-associated crystalline phases were observed, the CaP is considered not to exist in a crystalline state. However, to confirm the exact state of CaP, further transmission electron microscopy study remains. Of special note is the observation that the HA pretreatment did not significantly alter the surface roughness or morphology of the MAO single-treated Ti (Figure 2) , rather the amount of CaP that was integrated was considerably increased ( Figure 5 ). This phenomenon was intended first in order to take advantage of the beneficial effects of both the HA and TiO 2 porous coatings.
The morphological and chemical changes induced by the combined coating were well reflected in the cellular responses. From the in vitro cell tests, it was found that the HA precoating, and consequently the incorporation of Ca and P into the oxide layer, affected the cell responses markedly. The proliferation of the cells on the HA-TiO 2 coatings decreased only slightly as the MAO voltage was increased (Figure 7) , and was similar to that of the simple MAO-treated Ti, with this being attributed to the increase in surface roughness [21] . However, the ALP activity of the cells on the HA-TiO 2 hybrid coatings was significantly higher ( p < 0.05) than that on the simple MAO-treated Ti, suggesting that the HA pre-treatment improved the osteoblastic cell activity. Since there was little difference in surface roughness and morphology between the simple MAO-treated TiO 2 coatings and the HA-TiO 2 hybrid coatings, the improved ALP activity was deemed to result from the increased Ca and P concentrations in the outer layer. This up-regulation of the ALP activity of osteogenic and osteoblast-like cells on a Ti substrate induced by the CaP coatings is frequently observed in other systems [23] [24] [25] .
Based on these observations, it is considered that the use of hybrid coatings, obtained by means of HA predeposition prior to the MAO treatment, is beneficial for the surface treatment of Ti implants, by providing morphological and compositional benefits for enhanced cell responses. In practice, this combined method can find real applications in the coating of 3D Ti implant. Specifically, during the e-beam deposition the substrate holder can be modified to rotate and coat uniformly, and the MAO process is also effective for the modification of a complex-shaped morphology. Using this methodology, in vivo animal tests on the coated implant remain as further study.
CONCLUSIONS
Titanium was coated with a thin film of HA using e-beam deposition and then micro-arc oxidized to form an HA-TiO 2 hybrid layer, in order to improve its biocompatibility. At low MAO voltages, a porous TiO 2 layer was formed beneath the dense HA layer, which dissolved locally. At higher voltages, the TiO 2 layer formed a porous network. During this process, the HA crystalline phase was mostly consumed, but high concentrations of Ca and P were incorporated into the coating layer. The osteoblast-like cells spread and grew favorably on the HA-TiO 2 hybrid coating. The proliferation of the cells on the hybrid coatings decreased slightly with increasing MAO voltage. However, the ALP activity of the cells on the HA-TiO 2 hybrid coating was significantly higher ( p < 0.05) than that on either pure Ti or simple MAO-treated Ti, and this was attributed to the high degree of Ca and P incorporation into the coating layer. These results suggested that the HA precoating of Ti prior to MAO treatment can be beneficial to its use in hard tissue implants.
